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Neurogenesis has recently been observed in the adult human
brain, suggesting the possibility of endogenous neural repair.
However, the augmentation of neurogenesis in the adult human
brain in response to neuronal cell loss has not been demonstrated.
This study was undertaken to investigate whether neurogenesis
occurs in the subependymal layer (SEL) adjacent to the caudate
nucleus in the human brain in response to neurodegeneration of
the caudate nucleus in Huntington’s disease (HD). Postmortem
control and HD human brain tissue were examined by using the cell
cycle marker proliferating cell nuclear antigen (PCNA), the neuronal
marker �III-tubulin, and the glial cell marker glial fibrillary acidic
protein (GFAP). We observed a significant increase in cell prolifer-
ation in the SEL in HD compared with control brains. Within the HD
group, the degree of cell proliferation increased with pathological
severity and increasing CAG repeats in the HD gene. Most impor-
tantly, PCNA� cells were shown to coexpress �III-tubulin or GFAP,
demonstrating the generation of neurons and glial cells in the SEL
of the diseased human brain. Our results provide evidence of
increased progenitor cell proliferation and neurogenesis in the
diseased adult human brain and further indicate the regenerative
potential of the human brain.

A particularly exciting development in the treatment of
neurodegenerative diseases is the suggestion from both

animal and human studies that transplantation of embryonic
neurons or stem cells offer a potential treatment strategy for
neurodegenerative disorders such as Parkinson’s disease, Hun-
tington’s disease (HD), and Alzheimer’s disease (1, 2). Although
in recent years the transplantation of embryonic cells into the
diseased human brain has emerged from the realm of the
theoretical to that of the practical, it is associated with ethical,
technical, and immunological problems (2). Thus, the demon-
stration of endogenous stem�progenitor cells in the hippocam-
pus and the subependymal layer (SEL) of the basal ganglia in the
adult mammalian brain has raised the exciting possibility that
these undifferentiated cells may be able to generate neurons for
cell replacement in neurodegenerative diseases such as HD.
Indeed, neural stem cells in the rodent brain SEL adjacent to the
caudate nucleus have recently been shown to proliferate and
differentiate into neurons (3–5), suggesting they may provide a
source of replacement neurons. In this regard it is especially
interesting that recent studies (6) on the normal adult human
brain have shown evidence of neurogenesis in the hippocampus,
but no previous study has yet shown neurogenesis in the SEL of
the normal or diseased human brain. Here, we have examined
whether progenitor cell proliferation and neurogenesis occur in
the SEL adjacent to the caudate nucleus in response to cell death
in the caudate nucleus of the adult human HD brain. The results
demonstrate increased progenitor cell proliferation and neuro-
genesis in the SEL of the HD brains indicating that the diseased
human brain has the potential to repair itself.

Methods
Tissue Collection. The human brain tissue was obtained from the
New Zealand Neurological Foundation Human Brain Bank at

the University of Auckland. The full consent of all families was
obtained at the time of autopsy and the University of Auckland
Human Subjects Ethics Committee approved the study. Nine
HD cases (average age � 62.8 years, range 41–74 years; average
postmortem delay � 10.2 h, range 5–19 h; Fig. 1a) were examined
by a neuropathologist to confirm HD pathology, to assign a
pathological grade (ref. 7; Fig. 1a), and to exclude other brain
pathology. No other neuropathology was found in any of the
cases. Blood samples were also taken to determine the number
of CAG repeats in exon 1 of the IT15 gene on chromosome 4;
an expanded allele confirmed HD in all cases (Fig. 1a). Controls
comprised of six neurologically normal cases (average age � 55.3
years, range 42–73 years; average postmortem delay � 14 h,
range 10–18 h) that died suddenly with no known neurological
disease or drug treatment and pathological examination ex-
cluded any neuropathology. The brains were removed at autopsy
and the hemispheres were fixed by perfusion through the
cerebral arteries, first with PBS with 1% sodium nitrite, followed
by 15% formalin in 0.1 M phosphate buffer, pH 7.4. After
perfusion, blocks of the caudate nucleus including the ventric-
ular margin were dissected out and were further fixed in the same
fixative for 24 h before being cryoprotected in 20% sucrose for
2–3 days, and then in 30% sucrose until equilibrated. The blocks
were sectioned in the coronal plane on a freezing microtome
(50-�m sections) and stored in PBS and 0.1% azide.

Immunohistochemistry. All of the free-floating sections that were
stained for proliferating cell nuclear antigen (PCNA) were first
incubated in a citric acid solution, containing citric acid (Na3
salt) and Na2HPO4 (pH 4.5), overnight before undergoing a
standard antigen retrieval protocol. All sections were incubated
in a 50% methanol solution with 1% H2O2 to block endogenous
peroxidases in the tissue. Proliferating cells were detected with
a mouse anti-PCNA antibody (Santa Cruz Biotechnology; di-
luted 1:500). Experiments were also performed by using two
other antibodies raised against PCNA (rabbit polyclonal anti-
PCNA, Santa Cruz Biotechnology; diluted 1:1,000, and mouse
monoclonal anti-PCNA, Chemicon; diluted 1:500). All three
antibodies demonstrated identical patterns of labeling in human
tissue. Neurons were identified by using a mouse anti-�III-
tubulin antibody (Sigma; diluted 1:500) and an antineuronal
nuclei (NeuN) antibody (Chemicon; diluted 1:1,000). Glial cells
were detected by using anti-glial fibrillary acidic protein (GFAP)
(DAKO; diluted 1:5,000) and anti-vimentin (VIM) (Boehringer
Mannheim, Philadelphia; diluted 1:500) antibodies. Goat anti-
mouse (Sigma; diluted 1:500) and goat anti-rabbit (Sigma;
diluted 1:500) secondary antibodies were applied to the sections
in a species-specific manner for 12 h; the sections were then
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incubated for 3 h in ExtrAvidin (Sigma; diluted 1:1,000) and 3,3
diaminobenzidine chromagen was used to produce latent stain-
ing. Sections were washed in PBS and 0.2% Triton X-100 (3 �
10 min) between each blocking and antibody step. The sections
were mounted onto chrome alum-coated glass slides and dehy-
drated in ascending grades of alcohol to xylene and were
coverslipped by using Hystomount (Hughes and Hughes, Som-
erset, U.K.) mounting media.

For f luorescent triple labeling the sections underwent the

same pretreatment as diaminobenzidine-stained sections; sec-
tions were serially incubated with either the rabbit or mouse
anti-PCNA antibody (diluted 1:100) for 48 h, followed by
mouse anti-�III-tubulin (diluted 1:250), or rabbit anti-GFAP
(diluted 1:500) for a further 48 h. The sections were then
incubated in a pooled solution of f luorescent chromagens,
anti-mouse Alexa 594 (Molecular Probes; diluted 1:200), and
anti-rabbit FITC (Sigma; diluted 1:100) for 12 h. Sections were
subsequently incubated in Hoechst 33258 stain (for 30 min,
Sigma; concentration of 8 �g�ml) to label DNA in the cell
nucleus. Sections were washed (3 � 10 min) after each
blocking and antibody step. The sections were mounted and
coverslipped with Citif luor (Agar Scientific, Essex, U.K.). The
f luorescent-labeled sections were imaged by using a confocal
laser scanning microscope (Leica TCS SP2) equipped with
UV, argon, argon�krypton, and helium�neon lasers. Each
f luorescent label was imaged serially to eliminate detection of
bleedthrough and other artifactual f luorescence. The confocal
images were captured in a Z-series with an interslice gap of
1 �m.

For terminal deoxynucleotidyltransferase-mediated dATP
nick end labeling (TUNEL) staining, 16-�m cryostat cut caudate
nucleus sections were mounted onto chrome alum-dipped slides
before being processed by using our standard protocol as
described by Butterworth et al. (8).

Bright-field images were taken with a digital camera on a light
microscope (Leica, Deerfield, IL) and the images were captured
in PHOTOSHOP (Adobe Systems, San Jose, CA). All of the figures
were compiled by using PAGEMAKER (Adobe Systems).

Western Blotting. Fresh frozen caudate nucleus sections from
human control and HD brains, with the SEL en bloc, were cut
on at 30 �m on a cryostat and the ependymal layer (EP) and
SEL were selectively dissected from the caudate nucleus. The
SEL samples were homogenized in homogenization buffer
[150 mM sucrose�15 mM Hepes, pH 7.9�60 mM KCL�5 mM
EDTA�1 mM EGTA, and one Complete minitablet protease
inhibitor mixture (Roche Diagnostics) per 10 ml]. Triton
X-100 was added (1% final concentration) and incubated on
ice for 1 h and the samples underwent centrifugation (Heraeus
Biofuge, Stratos, Germany) for 10 min at 14,000 rpm. The
supernatant was retained and the protein content was quan-
tified by using the Bio-Rad protein assay. Fifty micrograms of
protein in Laemli sample loading buffer was loaded onto a
15% acrylamide gel and were separated electrophoretically.
The proteins were then transferred to polyvinylidine dif luo-
ride membrane (Hybond-P, Amersham Pharmacia) and im-
munoblotted with mouse anti-PCNA (diluted 1:1,000). Chemi-
luminescence detection reagents (ECL Plus; Amersham
Pharmacia) enabled visualization of peroxidase reaction
products.

Results
We compared the number of proliferating progenitor cells in the
SEL of control (n � 6) and HD (n � 9) human brains by using
antibodies to the cell-cycle marker PCNA, which labels cells in
the S phase of cell division (9, 10). Whereas we detected a small
number of PCNA� cells in the SEL of control human brains, the
number of PCNA� cells was considerably increased in HD brains
(Fig. 1b). Using a 5-point qualitative PCNA grading scale (0 �
small, � � few, �� � moderate, ��� � many, and ���� �
large numbers of PCNA� cells), the thickness of the SEL and the
number of PCNA� cells in the SEL in control and HD brains
were rated by an observer blind to the case numbers. The results
showed a statistically significant difference in the thickness of the
SEL and in the number of PCNA� cells in the SEL between the
control and HD brains (Mann–Whitney U test, control median �
0.5; HD median � 2.0; U � 52.5; P � 0.0008; Fig. 1 a and b).

Fig. 1. PCNA immunoreactivity is increased in the subependymal layer in HD
cases. (a) Table summarizing the age, postmortem delay, pathological grade,
CAG trinucleotide repeat length in the IT15 gene, and PCNA grade for each HD
case is shown. For each HD case, the level of PCNA immunoreactivity in the
subependymal layer was assessed by using a qualitative five-point grading
scale (PCNA grade). (b) Compared with the control brain, the thickness of the
subependymal layer (SEL) and the number of PCNA� cells in the SEL are
increased as the pathological grade of HD increases (grade 1 to grade 3). In
each case, the boundary of the SEL with the caudate nucleus (CN) is indicated
by an arrow. (EP, ependymal layer; LV, lateral ventricle). (c) Graph showing a
significant correlation between pathological grade and PCNA grade in the HD
cases (Spearman rank correlation, r � 0.8972, P � 0.003). (d) Graph showing a
significant correlation between CAG trinucleotide repeat length in the IT15
gene and PCNA grade in the HD cases (Spearman rank correlation, r � 0.8168,
P � 0.02). (Scale bar, 80 �m.)
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Statistical analysis revealed that the grade of PCNA staining in
HD cases significantly correlated with the HD neuropathological
grade (ref. 7; Spearman rank correlation P � 0.003; Fig. 1c), i.e.,
increased numbers of PCNA� cells correlated with increased
pathological grade. Statistical analysis also demonstrated a
significant correlation between the grade of PCNA staining in
HD cases and the number of CAG repeats in the expanded allele
of the HD IT15 gene (Spearman rank correlation P � 0.02; Fig.
1 a and d). To exclude the possibility that the increased density
of progenitor cells was due to shrinkage of the caudate nucleus,
we measured the ventral to dorsal length of the SEL in HD and
control brains at rostral, central, and caudal levels (all brains
were processed identically). Statistical analysis of the measure-
ments demonstrated no significant reduction in SEL length in
the HD brains compared with control brains (15.78 � 3.0 mm
HD; 16.63 � 3.36 mm control). No correlation was found
between the PCNA grade and the age, sex, or postmortem delay
of the cases.

To examine whether there was any variation in the density of
progenitor cells in the SEL at different levels of the caudate
nucleus, we took sections from selected rostral, central, and
caudal regions of the caudate nucleus. Comparable numbers of
PCNA� cells were detected in all three regions of the SEL
overlying the caudate nucleus.

Because it has been suggested that the PCNA antibody not
only detects dividing cells but also cells that are undergoing DNA
repair or apoptosis (11), we performed TUNEL histochemical
studies on the SEL and caudate nucleus from control and HD
brains to examine the number of cells undergoing repair or
apoptotic DNA fragmentation. Very few TUNEL� cells were
present in the SEL in all HD cases examined. However, within
the caudate nucleus there was a large number of TUNEL� cells,
as reported by Butterworth et al. (8), but relatively few PCNA�

cells, suggesting that the PCNA antibody, in our studies, is
labeling proliferating cells. The specificity of the PCNA antibody
was also examined by subjecting SEL samples, extracted from
control and HD brains, to Western blot analysis, and were
immunoblotted with the PCNA antibody. In each case a single
clear band (Fig. 2) was demonstrated at 36 kDa, which is the
calculated weight of the PCNA protein. No bands were detected
in Western blots when the primary antibody was omitted from
the experiment. Likewise, when the primary antibody was omit-
ted from the human section experiments, no immunostaining
was revealed.

To investigate the fate of PCNA� cells in the SEL of the
diseased adult human brain, we applied single- and double-
immunohistochemical labeling techniques by using antibodies
against �III-tubulin, which labels neurons early in their devel-
opment (12, 13), and NeuN, a mature neuronal marker. For the
detection of glial cells we used antibodies to GFAP and VIM.
Comparison of the distribution of PCNA�, �III-tubulin�,
NeuN�, GFAP�, and VIM� cells in the SEL of serial sections

from the HD brains showed an even distribution of PCNA� cells
across the SEL (Fig. 3a), whereas �III-tubulin� and NeuN� cells
were located mainly in the region of the SEL adjacent to the
caudate nucleus (Fig. 3b). GFAP� and VIM� cells were scat-
tered across the SEL and caudate nucleus, but a slightly more
intense GFAP� band was detected in the region adjacent to the
EP (Fig. 3c).

Using f luorescence confocal microscopy, we detected colo-
calization of the PCNA� cells with the early neuronal marker
�III-tubulin in the SEL of HD cases (Fig. 4 a–e). We used a
Hoechst nuclear DNA stain to confirm that PCNA� staining
was located in the nuclear region of the �III-tubulin� cell. The
demonstration that �III-tubulin stained processes colocalized
with PCNA� cell nuclei in the HD SEL (Fig. 4 c–e) indicates
that these PCNA� cells exhibit a neuronal phenotype. The
PCNA���III-tubulin� cells were located mainly in the deeper
regions of the SEL adjacent to the caudate nucleus (Figs. 3b
and 4a) and comprised in the order of 5% of the PCNA� cells
in the SEL.

Fluorescent confocal microscopy using antibodies against
PCNA and GFAP combined with a Hoechst stain demonstrated
large numbers of cells in the SEL that had intense GFAP
cytoplasmic staining (Fig. 4i), with the nuclear region clearly
delineated by PCNA and Hoechst staining (Fig. 4 g–i). The
demonstration that the GFAP-stained cytoplasm colocalized
with PCNA� nuclei in the HD SEL (Fig. 4j) indicates that these
PCNA� cells exhibit a glial phenotype. The PCNA��GFAP�

cells were identified mainly in the more superficial region of the
SEL adjacent to the EP (Fig. 3c and 4f ) and comprised �50%
of the PCNA� cells in the SEL.

To ensure that the f luorescence we were detecting was not
simply accounted for by autof luorescence or artifact, we also
imaged sections from each control and HD brain, omitting the
�III-tubulin or GFAP primary antibodies. We did not detect
any �III-tubulin or GFAP-like immunof luorescence in these
tissues, but the PCNA immunof luorescence was the same as
that seen in the sections that had PCNA and either �III-tubulin
or GFAP antibody treatment. We performed the same test
omitting the PCNA primary antibody and were unable to
detect PCNA-like immunof luorescence, but detected normal
�III-tubulin and GFAP signal, indicating that there was no
crossreactivity between the primary antibodies and no
bleedthrough between wavelength channels. To test for
autof luorescence, we imaged sections that were not exposed to
antibody treatment, with and without Hoechst staining, and
also sections where the primary antibodies were omitted from

Fig. 2. Western immunoblotting with the PCNA antibody using human
control (three cases) and HD (four cases) SEL homogenates demonstrates the
specificity of the PCNA antibody by a single strong band at 36 kDa.

Fig. 3. PCNA�, �III-tubulin�, and GFAP� cells are located in different regions
within the SEL as demonstrated with bright-field immunohistochemical serial
sections through the EP, SEL, and CN of a grade 2 HD brain. (a) PCNA� cells are
evenly distributed within the SEL (arrows demonstrate examples of PCNA� cell
bodies), and the EP is also densely stained. (b) �III-tubulin� fibers and cell
bodies are present in the lower part of the SEL (arrows indicate cell bodies with
immunoreactive fibers). (c) GFAP� cells are distributed homogenously
throughout the SEL and in the CN (arrows indicate examples of GFAP cell
bodies).
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the incubation. The autof luorescence that was detected from
these sections was present in all wavelength channels, was
homogenously spread across the section, and was not cell
specific.

Discussion
Neurogenesis is a well established phenomenon in the adult
brain of subhuman primates and other mammals. In addition,
neurogenesis has been recently demonstrated in the normal
adult human brain (6). In these studies, Eriksson et al. (6) used

postmortem brain tissue from cancer patients who, as a part of
their oncological treatment, had been administered the thymi-
dine analog BrdUrd, which labels dividing cells. BrdUrd was
detected immunohistochemically in the progeny of the dividing
cells and subsequent analysis of this cell population in the
dentate gyrus of the hippocampus revealed that they also stained
positively for neuronal or glial markers.

Various models of brain injury have demonstrated that neu-
ronal death can trigger increased neurogenesis in the adult
rodent brain (4, 14, 15). However, the production of increased
numbers of progenitor cells in the SEL of the adult human brain
in response to neurodegenerative diseases, such as HD, has
never been previously demonstrated. Here we have not only
demonstrated increased numbers of progenitor cells in the SEL
of the HD human brain but also that these progenitor cells take
on either a neuronal or glial phenotype, as evidenced by �III-
tubulin� or GFAP� staining, respectively, in the SEL. Support-
ing these observations, the level of PCNA mRNA has been
reported to increase �2-fold in the striatum of 12-week-old R6�2
transgenic HD mice compared with wild-type littermate con-
trols (16).

Interestingly, whereas Eriksson et al. (6) detected BrdUrd�

cells in the normal adult human SEL, these cells did not
coexpress the cell-specific markers for GFAP and NeuN. They
suggested that these cells are required to migrate from the SEL
before they differentiate. Our results support this hypothesis by
the observation that most of the PCNA���III-tubulin� cells
were located in the SEL farthermost from the ependymal layer
adjacent to the caudate nucleus. In contrast PCNA���GFAP�-
labeled cells were found in the most superficial regions close to
the ventricular edge.

Our findings indicate a high level of neural plasticity in the
adult human brain in response to the degenerating environment
that is present in HD. We also note the close relationship that
the SEL has with the adjacent caudate nucleus, the part of the
brain that is most severely and preferentially affected in HD, and
the location of the PCNA���III-tubulin� cells very close to the
caudate nucleus. Since, in early neural development, cells mi-
grate from the SEL to form the caudate nucleus, it would not be
unreasonable to suggest that these immature neurons are mi-
grating toward the caudate nucleus in response to the neuronal
cell loss occurring in the HD brain. Furthermore, the observa-
tion of increased numbers of progenitor cells in the SEL with
advancing neuropathological grades of HD would indicate that
the proliferation is a response to greater numbers of degener-
ating neurons in the caudate nucleus. It is not clear what factors
signal the observed cellular proliferation and migration, but it is
clear that the increase demonstrated in this study is insufficient
to compensate for the progressive cell loss observed in the HD
brain. A variety of growth factors (e.g., FGF-2; ref. 17) and
pharmaceutical agents (e.g., lithium; ref. 18) have been shown to
induce cell proliferation and neurogenesis. If the potential for
endogenous neural replacement could be augmented pharma-
cologically with the use of exogenous growth factors or phar-
maceuticals that increased the rate of neural progenitor forma-
tion, neural migration, and neural maturation, then the rate of
cell loss may be slowed, and clinical improvements may be
observed. We believe the discovery that the diseased adult
human brain is capable of neuronal regeneration in response to
neuronal loss will be of major relevance for the development of
therapeutic approaches in the treatment of neurodegenerative
diseases.
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Fig. 4. Newly generated cells in the SEL of the HD brain exhibit either a
neuronal or glial phenotype. (a) Confocal microscopy demonstrates that the
SEL of the HD brain contains newly generated cells that coexpress PCNA and
�III-tubulin and stain with a Hoechst stain. The new neurons are located in the
lower part of the SEL. (Scale bar, 6 �m.) (b–d) Higher magnification of the
neuron, which is outlined with a box in a. (Scale bar, 3 �m.) (b) Hoechst (blue)
stains the nucleus of cells in the SEL. (c) PCNA (red) labels the nucleus of a new
cell and has a granular appearance (19). (d) �III-tubulin (green) labels the
cytoplasm of neurons early in their development. (e) The merged image
demonstrates coexpression of PCNA and �III-tubulin in the same cell that
displays a Hoechst� stain, indicating that neurogenesis occurs in the SEL of the
HD brain. ( f) Confocal microscopy demonstrates that the SEL of the HD brain
also contains newly generated cells that coexpress PCNA and GFAP and stain
with a Hoechst stain. These new glial cells are located in the upper part of the
SEL in the HD brain. (Scale bar, 18 �m.) (g–i) Higher magnification of the glial
cell, which is outlined with a box in f. (Scale bar, 9 �m.) (g) Hoechst (blue) stains
the nucleus of cells in the SEL. (h) PCNA (red) labels the nucleus of the cell with
punctate staining. (i) The astrocytic marker GFAP (green) labels the cytoplasm
of the cell. (j) The merged image demonstrates coexpression of PCNA and
GFAP in the same cell that displays a Hoechst stain, indicating the occurrence
of gliogenesis. Images a–e and f–j were each obtained by using different
excitation wavelengths, and the signal was detected at different emission
wavelengths.
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